Abstract: This article presents both a four-element novel microstrip array antenna and a low noise amplifier (LNA) for a Ku-band small satellite receiver. It includes all design details with measurement results of the fabricated array antenna and LNA. Measured minimum and maximum gains of the proposed antenna are 10.1 and 10.9 dBi in 11.9-12.9
Introduction
Satellite technologies have been changing rapidly. Especially small satellites (<100 kg) deployed at low earth orbit (LEO) are preferred for many applications due to their low operating and manufacturing costs. Nowadays, small satellites produce more data such as high resolution images and high accuracy sensor information because of technical developments in small satellite subsystems. Therefore, wider bandwidth and higher carrier frequency are required to transmit large amounts of data from the small satellite in a short time. These days the X and Ku bands are in use for small satellite communication due to their advantages of wide bandwidth [1] .
Patch array antennas are extensively used in many antenna systems because of their reasonable bandwidth, polarization purity, low cost, simplicity, easy fabrication, and power-handling capability [2] . Planar array antennas have additional significant advantages for small satellites. First of all, they do not need a deployment system. Therefore, additional protection units and mechanical tools for deployment are not needed. This results in less weight and smaller size for the small satellite. Size of the antenna is also small at the X and Ku bands. It provides additional space for extra solar panels.
As a rule of thumb, the first stage of a receiver has the upmost effect on the total noise figure (NF) of the receiver. Therefore, low noise amplifiers are preferred at the input stages after the receiver antenna. Gain, NF, linearity, and power consumption are the major specifications in designing LNAs [3] . Designing an LNA at the Ku band brings some significant problems such as low frequency stability, high component losses, and limited discrete devices for the Ku band in the market.
The motivation of this paper is the design and implementation of a low cost planar array antenna and LNA with discrete components for a Ku-band small satellite receiver. Although there are many reported wideband MMIC or RFIC LNAs, most of them are not packaged and not considered under space conditions. In particular, research (university) satellites may need several updates during the design period due to other subsystem requirements. Discrete designs provide short redesign time and tuning possibility.
According to link budget calculation for 650 km altitude, at least 9.5 dB gain is required at the desired band around 12.5 GHz with 10 dB link margin (free space path loss = -170 dB, satellite receiver sensitivity = -85 dBm, ground station transmitter antenna gain = 36 dBi, ground station transmitter output power = ∼50 W). All passive components and soldering material of the array antenna and LNA are suitable for harsh space conditions such as vibration, high temperature change, and vacuum.
In this paper, design details and simulation and measurement results of a planar novel shaped array antenna and LNA are presented. The combiner structure of the antennas is located under the ground metal of the array antenna so that it prevents interference between antennas and the combiner circuit and the designed LNA includes a commercially available HJ-FET with high temperature stability. The presented article consists of three sections after the introduction. In parts two and three simulation and manufactured measurement results of the array antenna and LNA are explained and represented precisely. In part four, brief and accurate descriptions of the proposed array antenna with LNA as the concluding part of this work are given in meticulous terms.
Microstrip array antenna
According to the link budget of this study, at least 9.5 dB gain is required for the microstrip array antenna in order to obtain 10 dB link margin. At least 10 dB gain is aimed for the final antenna at the desired bandwidth.
The planar antenna's performance is directly related to its substrate. Therefore, low loss Taconic TSM-30 substrate ( ε r = 3 and loss tangent = 0.0013) is chosen and its high thermal stability makes it more suitable for small satellite applications. Array antenna topology is used for increasing directivity and gain.
The proposed antenna consists of two structures: array antenna and combiner. At the top of the antenna, there are 4 small patch antennas and at the bottom a combiner for the patch antennas is located. The patch antennas, combiner, and whole structure are designed and simulated on Ansoft HFSS software. Figure 1 shows the cross section of the antenna structure; the upper and bottom substrates' thicknesses are 1.52 mm and 0.76 mm, respectively. A basic formulation [4] was considered for the initial values of antenna length (Wy) and width (Wx) for the Ku band. Prasad and Chattoraj's study [5] was modified to obtain the required technical specifications such as gain and directivity. Through Figure 2 improved designs of the proposed single antenna are presented. The antenna design is started by simulating Ant 1 [5] and then improved by removing a part of the patch (Ant 2). Ant 3, which is used in this work, can be achieved by not only using optimization for all parameters mentioned in Table 1 , but also by applying a rectangular patch antenna over Taconic TSM-30 substrate ε r = 3, with the height of 1.52 mm. It can be noted that optimization is performed in order to obtain a small single antenna with high gain and wide bandwidth. The proposed single patch antenna with 6.3 mm × 5.7 mm dimensions is shown in Figure 4 , with the names of parameters for different slots. Tables 1 and 2 describe the appropriate size values of the slotted patch antenna shown in Figure 4 and the simulated performance of the single patch antenna, respectively. Since total antenna size should be as small as possible in order to allow more solar panels, HFSS array optimization is used for finding the number of array elements and antenna positions. Therefore, from the different simulation outcomes obtained, designing 4 elements in a 2 × 2 array structure, which provides the desired gain and directivity, is determined. The optimized array structure and the feeding configuration of the circuit are shown in Figure 5 . It can be observed from Figure 5 that the dimensions of the antenna are 16 mm (dx) × 18 mm (dy) and the antennas are combined with a well-known 100 Ω T-junction structure (fw1 = 1.6 mm, fw2 = 0.6 mm). The feeds of each antenna element have constant amplitude and the same phase [6, 7] and Taconic-TSM substrate is used (h = 0.76 mm) for the combiner circuit.
The performance of the array antenna is summarized in Table 3 . Figure 6 displays the simulation and measurement results of the array antenna at the XZ and YZ planes. According to Figure 6 , there is some backward radiation caused by the combiner circuit and because the antenna and LNA will be separated in the satellite, backward radiation is not significant for the system. The proposed array antenna is fabricated with a milling-based prototype machine, and a photograph of the fabricated antenna is shown in Figure 7 . The measured and simulated S parameters of the fabricated array antenna are presented in Figure 8 . Measured minimum and maximum gains of the array antenna are 10.1 dBi (@12.15 GHz) and 10.9 dBi (@12.85 GHz), respectively. The printed circuit boards of the array antenna and combiner circuit (feed structure) are held together under high pressure. The center frequency of the combined system has been shifted and the integration procedure of two substrates is affected by locations and thickness of the substrates in the z direction. Differences between measurement and simulation occur because of inadequacy via the model in the simulation tool and physical changes during the mechanical processes; that is why there is also 1.4 dB gain difference between simulation and measurement. 
Low noise amplifier (LNA)
An LNA consists of three important stages: input matching stage, which is dominant for the NF; active stage, which influences gain; and the output matching stage, which affects linearity and gain [8] [9] [10] of the LNA. In this study, a small design is aimed and in order to decrease the cable losses and total NF, the designed LNA will be located near the array antenna and thus the effect of the cable loss on the total NF can be neglected.
Gain higher than 8 dB and NF lower than 1.5 dB are chosen for designing the LNA. An NEC NE3511S02 hetero junction field effect transistor (HJ-FET) is chosen for the Ku-band LNA design based on our previous studies. It has a good performance at the Ku band (NF min = 0.3 dB, available gain = 13.5 dB @12 GHz) and its small package (2.6 mm × 2.6 mm) is also suitable for a small PCB. National Instruments AWR Microwave Office is used for the design and layout of the LNA. Since a nonlinear model for the selected transistor is not available for NI AWR software, S parameters are used for the design. By considering stability carefully and doing some analysis in AWR Microwave Office, 2 V (10 mA) biasing is chosen for obtaining the desired gain and NF. RO3003 (thickness = 0.76 mm, ε r = 3) is used as the substrate for designing the LNA. Figure 9 displays the circuit structure with microstrip lines and passive components. All capacitors are low ESR RF capacitors and suitable for very high frequency applications. In this work, C1 and C3 are DC blocking capacitors (1 pF) and C2 (0.2 pF) is used to increase stability. R2, R1, and R3 are 2 k Ω , 10 Ω , and 470 Ω , respectively.
Additional resistors and capacitances are added to the bias line to increase stability. Rogers RF shorted λ /4 lines are used for biasing. Radial stubs are used after λ /4 lines to obtain a short circuit at the center frequency of the LNA. Figure 10 represents the layout of the designed and fabricated LNA verified by the EM tool of the NI AWR and has total dimensions of 33 mm × 20 mm. Table 4 shows the lengths and widths of microstrip lines and the values of radial stubs. Figure 11 shows the manufactured printed circuit board of the LNA using a high accuracy milling machine that made the array antenna too. Figure 12 shows gain, NF, and reflection losses of the designed LNA and measurement values are given in Table 5 . Table 6 presents some reported LNAs designed with discrete components [11, 12] . 
Conclusion
In this study, implementations of a novel planar array antenna and LNA are presented for Ku-band small satellite receivers and they have been fabricated using a high accuracy milling machine in the laboratory. Discrete components are preferred to decrease the required time for the design and space condition verification process.
Measured minimum and maximum gains of the array antenna are 10.1 dBi and 10.9 dBi, respectively. For the LNA, in the low reflection loss band (S 11 < -10 dB), the noise figure is lower than 1.5 dB (min 0.9 dB) and the gain is higher than 8 dB (max 10.3 dB) (@ 2 V, 10 mA).
During the mechanical process of the antenna assembly, some physical deformations such as via location shifting and substrate thickness change occur. Therefore, some gain difference and frequency shift appear. Measured performances of the array antenna and LNA satisfy the minimum requirements for 300 MHz bandwidth of the transceiver system, which is planned to be used in the satellite. No additional tuning process is necessary for the implemented antenna or LNA.
